The seroresponse against Brucella ovis of 8 intrapreputially and 6 intravenously infected rams and 9 ewes infected through mating was analyzed by electrophoretic immunoblotting. Additionally, 87 sera from chronically infected rams that were shedding B. ovis in their semen, 226 sera from rams belonging to infected flocks, and 324 sera from false-positive complement fixation test (CFT) reactors were examined. In all infected animals, antibody reactivity was predominantly found against 5 B. ovis components of 8-12, 17, 19, 29, and 63 kD, of which the 29-kD antigen was most dominant in the seroresponse. Antibodies to the 29-kD component were present in 93-100% of the infected sheep in each infected group, whereas the frequency of antibodies to the 4 other components varied considerably among and within the different groups. No reactivity against the 29-kD antigen was found in the false-positive CFT reactors. By using monoclonal antibodies against known bacterial macromolecules, the immunodominant antigens were identified as rough lipopolysaccharide (8-12 kD), outer membrane proteins (17, 19, 29 kD), and a heat-shock protein (63 kD).
The gram negative bacterium Brucella ovis is the ELISAs for B. ovis identification are based on rather major cause of ovine contagious epididymitis world-complex mixtures of bacterial macromolecules, similar wide. 3 Infection often leads to chronic disease and re-to the antigens used for the CFT. ELISAs based on duced fertility in rams, whereas in ewes natural infection is of a transient nature. 3 Serologic testing is the most efficient way to diagnose purified immunodominant B. ovis components or monoclonal antibodies (MAbs) to these components or preferably a combination of both should possess the infection. 31 Many serologic methods have been de-higher sensitivity and specificity. scribed, of which the complement fixation test (CFT)
The first step in the development of such an imis most widely used in diagnosis and eradication and proved ELISA is the identification of the bacterial accreditation schemes. 13 Unfortunately, the CFT pos-components that are immunodominant in the serosesses some disadvantages, such as complexity, pro-response during the course of infection. To date, such zone phenomenon, and incompatibility with hemo-serokinetic studies have only been performed by ELISA, lyzed or anticomplementary sera. 23, 27 In search of an using whole cells, cell extracts, and fractions of cytoalternative, several types of the more easily performed soluble proteins of B. ovis. 6, 7 A recently developed, enzyme-linked immunosorbent assay (ELISA) have sensitive electrophoretic immunoblotting (EIB) techbeen evaluated. 2, 4, 6, 7, 18, 20, 21, 23, 27 Nevertheless, the ELISA nique for the serodiagnosis of B. ovis infections enables has not replaced the CFT as the routine diagnostic the identification of antibodies against individual bacmethod, mainly because of problems in reaching com-terial components in a complex antigen mixture. 15 In parable levels of sensitivity and specificity during rou-this study, we used EIB to analyze antigen response in tine application. sera from experimentally infected rams and ewes, from With the exception of those in which rough lipo-chronically, naturally infected rams, and from CFTpolysaccharide (RLPS) is used as antigen, 2, 4, 18 all these positive and false-positive rams detected during routine testing in an eradication program. The immuno-containing 10 8 live B. ovis/ml (strain 020). Group 3 contained 6 rams that were infected with 10 8 live B. ovis by intravenous injection. Blood was collected weekly from all animals, and the sera were stored at -20 C. Naturally infected and control animals. Eighty-seven serum samples were examined from chronically infected rams from which B. ovis was isolated from the semen at the time the blood samples were collected (group 4). From known infected ram flocks, 226 CFT-positive sera were obtained during routine testing for the purpose of eradication (group 5). Three hundred twenty-four false CFT-positive samples were obtained from flocks with a reliable history of freedom from the disease (group 6).
Antigens. Brucella ovis strain 020 was grown on blood agar plates at 37 C in a 10% CO, atmosphere. Cultured cells were harvested and washed 3 times in distilled water. Sodium dodecyl sulfate (SDS)/mercaptoethanol (ME)-extracted antigen was prepared by mixing the bacterial pellet with 10 times its volume of sample buffer (62 mM Tris HC1 [pH 6.9], 5% SDS, 1% ME, 10% glycerol), boiling for 5 min, and centrifugation at 10,000 x g for 30 min. The supernatant was used as antigen.
SDS-polyacrylamide gel electrophoresis. Electrophoresis was performed on homogenous polyacrylamide gels (15% T, 2.7% C) of 1.5 mm thickness using 5% stacking gels with a discontinuous Tris-glycine buffer system 17 in a mini electrophoresis cell. a The 0.1-ml samples of SDS/ME-extracted antigen (approximately 5 mg/ml protein) were applied to the gels. Gels were run for 45 min at 200 V and then either used for EIB or stained with Coomassie blue or silver. 16 EIB. Standard immunoblotting was performed as follows. 15 Electrophoretic transfer onto polyvinylidene difluoride membranes b was done in a semidry electrophoretic transfer cell c at 15 V for 30 min. Membranes were blocked overnight at room temperature in Tris-buffered saline (TBS; 50 mM Tris HCl, 150 mM NaCl, 0.02% sodium azide [pH 7.51) containing 10% horse serum (TBS-HS). Serum samples, diluted 1:200 in TBS-HS, were incubated for 2 hr at room temperature in a miniblot system, d followed by 3 washes with TBS containing 0.05% Tween 20 (TBS-T). Membranes were subsequently incubated for 1 hr at room temperature with an alkaline phosphatase (AP)-conjugated MAb against bovine/ovine IgG e diluted 1:2,000 in TBS and followed by 3 washes with TBS-T. Membranes were then incubated for 10 min at room temperature with substrate solution (100 mM Tris HCl, 100 mM NaCl [pH 9.8] freshly mixed with 60 mM nitro blue tetrazolium and 30 mM 5-bromo-4-chloro indolyl phosphate) followed by 2 5-min washes with distilled water.
Fc-immunoblot was performed as above with the following modifications. Blocking was done with 1% polyvinyl alcohol in TBS-T, and rabbit anti-sheep IgG (Fc)-AP conjugate f diluted 1:20,000 in TBS-T was used instead of the MAb-AP conjugate.
Immunoblotting with MAbs was carried out as for the standard blotting procedure but with the following modifications. Blocking was done with 1% gelatine in TBS-T, and MAbs were either diluted 1:100 in TBS-T (ascitic fluids) or used undiluted (cell culture supernatants). Goat anti-mouse Ig (IgG, IgM, IgA)-AP, g diluted 1:2,000 in TBS-T, was used as conjugate.
Antibodies.
A range of well-characterized MAbs (ascitic fluids) against Brucella outer membrane proteins (OMPs) (A68/04G01/CO6:anti-16.5 kD OMP, A76/18B02/D06:anti-19kD OMP, A59/05F01/C09:anti-25-27 kD OMP), RLPS (A68/03F03/D05) and against Brucella heat-shock protein (HSP) DnaK (A53/09G03/D02) [8] [9] [10] 32 and several MAbs (cell culture supernatants) against the Mycobacterium bovis BCG 65-kD protein (IA1, IVDI, IXA9) 28 were used to characterize the various antigenic components found in the EIB.
CFT, ELISA, and gel diffusion test (GDT). CFT, ELISA, and GDT were performed as described previously. 13 Bacteriology. The semen of the experimental rams was collected and cultured for B. ovis on 2 occasions near the end of the experimental period. Rams were then euthanized, and the heads and tails of the epididymis and the ampullae were cultured for B. ovis extensively. Samples were cultured on 10% sheep blood agar h with and without antibiotic supplement. i
Results
Seroresponse in infected animals. The immunoblotting results for the experimental animals are summarized in Table 1 . Only 1 ram (Table 1, 3E; Fig. 2B ) developed a chronic infection, which was characterized by a permanent rise in CFT titers over the investigation period of 40 weeks. This was the only experimental ram that shed B. ovis in its semen. The ewes and all other rams developed transient infections of varying intensity as reflected by a temporary rise in CFT titer and confirmed by negative culture of semen and reproductive organs at the end of the experiment. Five of these 22 animals showed very weak seroresponses. Figure 1 shows CFT and EIB results of representative cases.
Antibody activity was predominantly directed against 4 protein components of 17, 19, 29, and 63 kD and against RLPS of 8-12 kD, with the 29-kD band being present in all animals at almost any stage in the course of infection. In 3 sheep, the 29-kD band was not visible in the first week of seropositivity. This 29.kD band often appeared either as a double band (Figs. 2B, 4) or as a broad band (Figs. 1A, 2B, 4) .
The seroresponse in the EIB paralleled the CFT reactivity to a large degree ( Fig. 1) , but in 3 of the intravenously infected rams staining on blots was delayed in comparison with the CFT response (Fig. 2B) , and in 1 ram to reactivity was detectable on the blot ( Fig.  2A) . The use of a different conjugate (Figs. 2A, 2B: Fc blot) was necessary to obtain better correlated and positive results. The Fc blot revealed predominantly RLPS staining in addition to the protein bands in the standard EIB.
In the sera from chronically naturally infected rams and from CFT-positive rams from infected flocks, the reaction pattern was similar to that described above. The 17-, 19-, 29-, 63-, and 8-12-kD antigens were again immunodominant, with antibody activity against the 29-kD antigen present in 93% and 94% of rams, respectively. Other bands, partially different from those in the experimental animals, were found infrequently. The similarity in reaction pattern between chronically infected animals and those in the early stage of infection indicates that no significant qualitative shift in antibody response occurs in the course of infection, as was seen in the 1 experimental ram that became chronically infected (Fig. 2B) .
False-positive sera. During routine CFT, reactors show up with a frequency of approximately 1 in 500 in submissions from B. ovis-free flocks. These samples are subjected to the ELISA, using a heat-extracted antigen, and the GDT, using a cell sonicate. A repeat sample is taken 2-3 weeks later and tested similarly. The flock history is checked by questionnaire. On the basis of all results, the reactors are classified as true or false positives. 13 Of such false-positive sera, 324 were examined on blots. Only 12% of these showed some weak reactivity. In 3%, staining of RLPS was visible, whereas in 2% the 17-kD band, in 1% the 19-kD band, and in another 1% the 63-kD band reacted. Other nonimmunodominant bands, ranging from 10 to 67 kD, were detected in 11% of these sera. None, however, exhibited staining of the 29-kD antigen, which is the band most frequently found in infected animals. A representative selection of results is shown in Fig. 3 .
Characterization of dominant antigenic components with specific MAbs. To characterize the major EIB antigens, the immunoblot reactivities of a number of well defined MAbs to Brucella OMPs, to Brucella RLPS, to the Brucella HSP DnaK, [8] [9] [10] 32 and to the M. bovis BCG 65-kD HSP 28 were compared with those of several sheep sera that were strongly positive in CFT, ELISA, and GDT (Fig. 4) . The bands of 17, 19, and 29 kD and of RLPS correlated well with the staining by MAbs of 16.5-, 19-, and 25-27-kD OMPs and of RLPS. The MAb with specificity for the HSP DnaK stained a band in a position similar to that of the 63-kD antigen, and 3 anti-M. bovis 65-kD MAbs reacted with a band of approximately 58 kD (Fig. 4 ).
Discussion
In another study employing a less complex B. ovis antigen preparation and a limited number of samples, sera from B. ovis-infected rams reacted on immunoblots predominantly with OMPs of 25-31 kD (93%), with a 67-kD protein (87%), and to a lesser extent (67%) with OMPs of 21.5-22.5 kD and 18.0-19.5 kD. 22 In a second study, 5 which used pooled sera with a range of CFT titers, major immunoreactive protein antigens of 65, 55-60, 27-29, 18.5-20, and 17-18 kD were found. Our investigation, which comprises serokinetits in experimentally infected animals and a large number of field sera, confirms and adds to these results. We identified a 29-kD protein as the antigen most frequently involved in the antibody response of chronically infected rams (93%) and in the early stages of infection in both ewes and rams (100%). Moreover, this antigen is not found in false-positive CFT reactors, nor has it been detected in noninfected sheep. 15 As in line the 2 earlier studies, macromolecules of 17, 19, and 63 kD were identified as other immunodominant protein antigens, whereas in contrast with the second of these studies, proteins of 55-60 kD were not found to be immunodominant. This discrepancy may be a result of differences in the B. ovis strains used. RLPS was also found to play a major role in the seroresponse.
In some if the intravenously infected animals, there was a delay in the appearance of EIB bands in comparison with the CFT reaction; EIB reactivity was completely absent in 1 ram, despite CFT positivity. When the MAb anti-bovine/ovine IgG 1/2-AP was replaced by a conjugate with specificity for sheep IgG-Fc (a conjugate that even at high dilutions still showed some background and therefore cannot be used routinely), EIB results correlated well with the CFT results, showing weak RLPS staining preceding or appearing without much anti-protein reaction. These results suggest that antibodies different from IgG1 and IgG2 but with complement fixing ability are involved in the anti-RLPS reaction.
The MAbs identified the immunodominant 17-, 19-, and 29-kD proteins as OMPs (16.5, 19, 25-27 kD) . 8 Both rough and smooth Brucella strains contain in principle the same 3 OMP groups: 24,29,30 group 1 of 88-94 kD, group 2 of 35-39 kD (which have been identified as porins 11 ), and group 3 of 25-31 kD. Neither the group 1 or the group 2 OMPs were identified as immunodominant antigens in the present or the 2 previous studies. 5, 22 The lack of immunogenicity of group 2 proteins may be caused by their relatively low proportion in comparison with group 3 OMPs 24 in B. ovis, whereas group 1 OMPs may be only present in small amounts, depending on the extraction procedures used.'
The 63 kD protein was identified by a MAb as the homologue of the HSP DnaK, 32 a member of the HSP 70 family. 25 In contrast, 3 MAbs against the 65-kD mycobacterial protein antigen or ubiquitous bacterial common antigen, 28 which belongs to the HSP 60 family, did not react with this protein but with a band of 58 kD. In B. suis-infected pigs, a homologue of the mycobacterial protein antigen has been identified as a major immunodominant antigen. 26 These findings indicate that antigenic components to be used in an improved ELISA should be restricted to OMPs of 17, 19 and 29 kD, the 63-kD protein, and RLPS.
The suitability of each of these components can be compared as follows. OMPs from the various Brucella species are closely related both structurally and antigenically. 24 This relationship is so close that an OMPbased ELISA could be developed for the common detection of antibodies against the 3 smooth Brucella species (B. melitensis, B. abortus, and B. OmpA family (P. de Wergifosse, personal communication).
HSPs play a prominent role in the immune response to bacterial and parasitic pathogens. 25 Unfortunately, HSPs are highly conserved proteins and are abundant among various bacterial species, which makes them less suitable as test reagents of high specificity.
Recent investigations indicate that the rough component of the LPS of the various Brucella species, both rough (B. ovis) and smooth, share some antigenic determinants. 9, 19 Although conventional serologic tests demonstrate that cross-reactivity between smooth and rough Brucella species is of no significance, an improved, very sensitive ELISA for B. ovis may suffer some loss of specificity.
Thus, the prospects for an improved ELISA which is both more sensitive and specific than the presently used CFT are lower than hoped for. First, no antigenic component was found that evoked detectable antibodies in all animals in all groups investigated. Antibodies against the component with the highest frequency overall, i.e., the 29-kD protein, were found in only 93% of chronically infected rams and 94% of CFTpositive animals from infected flocks. Second, this component is not unique to B. ovis but is also found in other Brucella species.
Nevertheless, if the 29-kD immunodominant antigen possesses epitopes with species specificity, it would be the best antigen candidate in an improved ELISA. Further development and evaluation of such an ELISA based on purified 29-kD antigen and MAbs against species-specific epitopes will show if higher specificity and sensitivity than those of the CFT can be achieved.
